An old question about regeneration is whether it is an ancestral character which is a general property of living matter, or whether it represents a set of specific adaptations to the different circumstances faced by different types of animal. In this review some recent results on regeneration are assessed to see if they can throw any new light on this question.
The regeneration of missing parts by animals remains one of the more mysterious branches of developmental biology. Nonetheless there is rapid research progress and some specific mechanisms are now quite well understood [1] [2] [3] [4] [5] . In this article I am going to ask whether certain recent discoveries enable us to say any more about the old question raised by the title. To say that regenerative ability is ancestral in evolutionary terms implies that it may be an intrinsic or pristine property of living matter that is always present but can become masked in various circumstances. On the other hand if regenerative capacity is an evolutionary novelty this implies that there is no general ability of living matter to regenerate, but that the ability to do so has evolved many times as an adaptation to specific circumstances. Although the issue is a very old one, it still has an obvious practical interest.
If regeneration is really an intrinsic property of living matter then there may be a simple way to unmask it in humans by restoring a component that has been switched off or lost in the recent evolutionary past. But if every instance of regeneration is an evolutionary novelty then each one may involve the generation of new mechanisms and perhaps the involvement of new genes. To introduce such a mechanism to a non-regenerating organism would require many new or modified components and many new connections between them. It may of course turn out that both views are correct to some degree and that some regeneration behaviours are ancestral while others have originated recently.
Bely and Nyberg [6] provide a useful classification of regenerative processes into five types ( Fig.1) . They distinguish cellular regeneration, for example regrowth of severed nerve axons; tissue regeneration, for example growth of epidermis covering a wound; organ regeneration of the heart, liver or lens, which tends to restore organ mass but without internal pattern. They refer to the distal regeneration of appendages in vertebrates and arthropods as structural regeneration. Most dramatic is whole body regeneration, also called bidirectional regeneration [7] , in which either heads or tails can regenerate from the same body level depending on the orientation of the cut surface. These different levels of performance clearly involve different mechanisms. Internal organ regeneration has to be able to sense total organ size and to stop growing when this is restored [8] . Structural regeneration of appendages needs to be able to do this and also to generate spatial pattern, including often a pattern of structures not present at the amputation surface. Whole body regeneration needs to be able to do both these things and also to decide on polarity (head versus tail?) before doing anything else.
A survey of regenerative ability among animal phyla and classes by Bely and Nyberg [6] reminds us that regenerative ability is scattered among animal groups with no obvious pattern. It is not the case, as often supposed, that regeneration is found only in more basal phyla. Regeneration of limbs and tails in urodele amphibians, and of tails in lizards, have been familiar for a long time. We now know that regeneration of the head can occur in the hemichordate Ptychodera flava [9] . Hemichordates are considered to be a sister group to echinoderms and so members of the Deuterostomia group of phyla that also includes ourselves. Even more remarkable, in the colonial urochordate Botrylloides leachi, entire fully functional zooids can regenerate from small blood vessel fragments [10] . Morphological evidence suggests that it is cells from the blood, possibly pluripotent stem cells, that undergo this regeneration. Urochordates are now considered a sister group of the vertebrates within the phylum Chordata, so this is currently the "highest" (=most derived)
animal type known to undergo whole body regeneration.
This article will focus on the top two types of regeneration, structural (appendage) regeneration and whole body regeneration, which both involve the formation of new pattern as well as the expansion of existing structures. I shall also examine the recently discovered case of the spiny mouse which has unusually good ability for a mammal at the level of tissue regeneration. I shall start by suggesting some criteria for deciding whether regeneration mechanism are ancestral or derived, and then consider whether recent findings can lead to any new conclusions. In the later Discussion some further conceptual issues and caveats will be outlined.
General arguments
The overall patchy distribution of regenerative ability across the phylogenetic tree of animals has caused many to surmise that regeneration is indeed an ancestral property of living matter but that its maintenance involves some cost. In other words, whole body regeneration may be maintained as a byproduct of asexual reproduction by fission, or structural regeneration of appendages may be retained to cope with high levels of nonlethal predation, but otherwise maintenance of regenerative capacity confers some selective disadvantage and becomes lost [11] . The alternative view is that every instance of regeneration is a fresh adaptation to loss of body parts in normal life, especially the occurrence of non-lethal predation affecting the regenerating parts. It might seem that the occurrence of non-lethal predication is consistent with either view. But to support the idea of ancestral regeneration it also needs to be shown that the entire ancestral line of animals has had a similar regenerative ability, something which is very difficult to prove, although some examples of regenerating vertebrate appendages have been found in the fossil record [12] .
A regenerative ability which has persisted continuously since the origin of Bilateria might be expected to occur via a common mechanism which is likely to involve reuse of components of the mechanisms for embryonic development. A novel regenerative process might also reuse a developmental mechanism, but need not do so, and could be completely different both from that species' own developmental mechanism and from regenerative mechanisms in other animals. So different mechanisms from those used in development, or different mechanisms from those found in otherwise similar animals, could both be considered evidence for evolutionary novelty.
The persistence of all the genes in all the cells of most animals would seem to make regeneration possible in principle. However some recent results on gene loss indicate that this is not as universal a feature as is often supposed, as even vertebrates can lose genes during development, so it should not be assumed that all genes are always present [13] . The ability to force several cell types to become pluripotent by introduction of selected transcription factors [14, 15] , might also be considered an argument for a universal ancestral regenerative ability. Pluripotent stem cells are cells that can grow without limit in vitro and can also, following appropriate treatment, form any of the cell types in the normal body. At least some of the neoblasts, or stem cells, found in planarians are pluripotent [16] , and feed the continuous replacement of the differentiated cells and structures both in homeostasis and in regeneration. However, mammals do not seem to have pluripotent cells later in the life cycle than early embryogenesis [17] , and pluripotent cells injected into animals generate teratomas rather than regenerating structures [18, 19] . Also, recent results (see below) have indicated that the degree of de-differentiation in vertebrate regeneration is rather less than had formerly been supposed and never extends to full pluripotency of regenerating cells. Some regenerating structures, such as the vertebrate tail, undergo excess division of those tissues that are still mitotic, but probably no dedifferentiation at all [20] [21] . Cell differentiation is generally inimical to regeneration, particularly when differentiated cells become post-mitotic, as is found for example for skeletal muscle cells and neurons in mammals. Current understanding of chromatin biology indicates that differentiated cells have large areas of chromatin in a closed compacted state, difficult of access for transcription factors [22] .
Evidence for the ancestral nature of whole body regeneration
Conservation of signaling systems
In recent years there has been considerable progress in elucidating the signalling systems used to control regeneration. Space precludes consideration of most of this data but some results are particularly relevant to the issue of ancestral versus adaptive regeneration. Perhaps the main theme that has emerged is a consensus that the establishment of all bilaterian body plans is controlled during development by gradients of Wnt (anteroposterior, AP) and BMP (dorsal-ventral, DV) [23] (Fig.2 ).
Planarians contain several Wnt genes and the components of the canonical Wnt signaling pathway via -catenin. The Wnt genes are expressed in a posterior high-anterior low gradient. Blockage of Wnt signaling with RNAi causes posterior-facing cuts to regenerate heads, and treatment with Wnt agonists causes anterior-facing cuts to regenerate tails [24, 25] . Wnt factors are also among the signals controlling the anteroposterior pattern of vertebrate embryos, and are expressed in the posterior of the gastrulating embryo [26] . It has been argued that the role of Wnt in the control of polarity in planarian regeneration represents an embryonic signaling process that is found in all bilaterian animals and is therefore ancestral [26] . In fact, not all free living flatworms are capable of regeneration [27] , but investigation of some species incapable of head regeneration have shown that this can be restored by inhibition of the Wnt system, indicating that other aspects of the anterior regeneration mechanism are still present [28] [29] [30] .
Is it possible to subsume the posterior (tail) regeneration of vertebrates under the heading of whole body regeneration requiring Wnt signalling? Wnt signalling is indeed necessary for regeneration of the Xenopus tadpole [31] and the zebrafish caudal fin [32] .
Following amputation, Wnt pathway genes are upregulated in the regenerating lizard tail but not in the non-regenerating lizard limb [33] . However, in these cases there is no dedifferentiation and each tissue type provides the cells for its own regeneration. This, together with the fact that tail regeneration is always distal, even from a proximal-facing cut surface [34] , makes it doubtful whether there is a true homology with whole body regeneration. The whole-body regeneration of Hydra also involves the Wnt system. Here most Wnt factors are expressed around the hypostome and are needed for "head" regeneration [35, 36] . The "head" of hydroids is considered by some to be homologous to the posterior of bilaterians [37] , although there remains considerable uncertainty about whether there are any homologies of body plan at all between the basal metazoa (cnidarians, ctenophores and sponges) and the bilaterian animals [38] .
A comparable story has emerged about BMP signalling and the control of dorsoventral pattern. In development, probably all bilaterian animals have a system of BMP signalling antagonized by BMP inhibitors [39] . In chordates BMP is expressed on the future between these factors as is found during the regulation of Xenopus early embryos [41] [42] [43] .
Recently a group of worms called acoels have been studied [44] . These superficially resemble planaria but molecular phylogeny studies show that they do not fall within the phylum Platyhelminthes, and are probably basal Bilateria equally related to protostomes and deuterostomes. They also have a BMP-ADMP system very similar to that of planaria and in view of their phylogenetic position this system was most likely already established in the first ancestors of the modern bilaterian animals.
In specific organ rudiments such as the heart or limbs, but now the competence is altered and the target genes are different from those responsible for whole body patterning. Under these circumstances even if a Wnt gradient were re-established across the whole adult body, it would not elicit the correct responses for whole body regeneration. To do this we should require also that the cells near the wound were de-differentiated right back to an epiblast or pluripotent state. This degree of de-differentiation has not been seen in vertebrates except when forced by the methods used to make iPS cells.
Pluripotent stem cells and regeneration
In a survey of regenerative ability by different groups of planarian, there is a very good correlation between those groups capable of whole body regeneration and those which normally undergo asexual regeneration by fission [27] . This supports the view that whole body regeneration has been maintained as a by-product of asexual reproduction. In planarians the only dividing cells are the neoblasts, which maintain the body under normal conditions as well as providing cells for regeneration following transection. There is evidence that at least some of the neoblasts are pluripotent, at least under certain experimental conditions [16] . Two methods were used to establish this. The first is an adaptation of older work done on the mammalian intestine. Worms were X-irradiated to a level that destroys almost all their neoblasts. This means that worms that recover must do so by regeneration from one or a few surviving neoblasts. The regenerating clones repopulate all the cell types so presumably the originating cell for each clone was pluripotent, at least under the conditions of extreme radiation stress. The other method involves transplantation of single cells to genetically distinguishable lethally irradiated hosts.
A small proportion of transplants enable successful regeneration and the formation of a complete worm composed of donor cells, which is itself capable of further growth and of asexual reproduction. Since neoblasts comprise all the dividing cells of a planarian, it seems unlikely that all of them could be pluripotent and more likely that they comprise some sort of stem cell hierarchy. A recent study of neoblasts using single cell RNAi shows that there are at least two identifiable classes called , which are lineage committed, and which have a wider potency [46] . Many neoblasts express some genes indicative of early differentiation [47] suggesting that the proportion of truly pluripotent cells is small.
In vertebrate development there are probably no pluripotent cells remaining after the formation of the general body plan from the epiblast/blastoderm/blastula. Analysis of the requirement for Oct4 activity in the mouse indicate that there is none after this stage, except in developing germ cells [48] . Reports of the presence of pluripotent cells in adult mammals have been hard to reproduce, and intensive study has indicated that tissuespecific stem cells are, indeed, tissue specific and not pluripotent [49, 50] . It has often been suggested that the persistence of pluripotent cells would be dangerous, as their artificial generation in vivo leads to tumors [18] .
Are pluripotent stem cells needed for whole body regeneration? It is tempting to draw an association but so far the evidence only relates to planaria, which do have pluripotent cells, and mammals, which do not. Curiously, the example of Hydra suggests that pluripotent cells may not be necessary. Here the stem cell-like interstitial cells are not pluripotent and the organism consists of three distinct cell lineages, whose proportions are maintained during growth and which do not seem to interconvert [51] .
Evidence for specific adaptations in structural and tissue regeneration
Non-lethal predation of regenerating body parts In many types of animal there is substantial evidence of non-lethal predation. Lizard tails, brittle star arms, polychaete heads, insect legs, bivalve siphons and many others may often be found in the process of regeneration [6] . Sometimes the predation pressure is extreme. For example [52] reported that bivalve siphons were cropped 25 times each season by juvenile fish; or, at any one time, 97% of an Antarctic brittle star were found to have lost parts of their arms [53] . Surprisingly, considering the vast amount of research on regeneration of the urodele limb, there seem to be remarkably few studies of predation of urodele amphibians in the wild. But some recent reports from Eastern Europe indicate that significant levels of limb and tail predation are indeed found in wild newts, finding respectively 24% of injuries [54] , 9% [55] , and 21% [56] . These various studies do support the idea of sustained selective pressure to maintain, or evoke, regenerative ability in numerous animal groups, including the well-studied urodeles. However quantitative confirmation of selective pressure is still lacking. It remains necessary to show that the loss of reproductive fitness due to the injury exceeds that due to the regeneration process itself, for example the extra energy requirement and the potential inconvenience of having a partly regenerated structure for a period of time. So although there are field data showing abundant predation, it is difficult at present to make a definitive statement about the extent to which regenerative abilities are actually maintained by selection due to predation. The existence of non-lethal predation of regenerating parts is a necessary condition for de novo adaptation. It is also consistent with long term retention of an ancestral ability, but in this case evidence would also need to be provided for consistent retention right back to the origin of the lineage (e.g. the earliest limbed vertebrate in the case of limb regeneration).
New genes required for regeneration
Evidence for adaptation may be found through the existence of molecules essential to regeneration that are present only in a regenerating taxon, and not in its nonregenerating relatives. New genes arise frequently in evolution, both by gene duplication and divergence, and from formerly non-expressed DNA [57] . An example is provided by the gene for the GPI-anchored protein Prod1 which behaves like a proximalizing factor in limb regeneration [58] . One of the remarkable attributes of urodele limb regeneration is that the proximal-distal pattern of the regenerate starts at exactly the level of the amputation. The character of the blastema in terms of proximal-distal fate is known to be correlated with a gradient of cell adhesion in the limb [59] . Prod1 is expressed in a gradient, high at the proximal end and low at the distal end of the limb. It antagonizes cell adhesion, and experiments with blocking antibodies indicate that it is responsible for the gradient of adhesivity. When regenerating limbs are treated with retinoic acid, an increase of Prod1 is correlated with a proximalization of the character of the blastema in terms of the structures subsequently regenerated. Furthermore, when overexpressed by electroporation it can proximalize a blastema in terms both of cell movements and of the structures formed [58] .
All these properties indicate that Prod1 is intimately involved in the regeneration mechanism. But, although there are distant homologs of Prod1 in other animals, the Prod1 gene itself has been found to occur only in salamanders [60] . Maybe its appearance was a key evolutionary novelty responsible for, or necessary for, limb regeneration in salamanders. Another, previously known, example of a regeneration-specific gene product is the newt-specific retinoic acid receptor 2, needed for response of the blastema to the proximalising effect of retinoic acid [61, 62] .
Modest degrees of de-differentiation
It is often implied that all types of regeneration require extreme de-differentiation from functional cell types to pluripotent cells. But recent results have tended to show that regeneration involves much less de-differentiation than had previously been supposed. It also involves very little metaplasia: namely the formation of one cell type from dedifferentiated cells derived from another cell type. This was first shown in the Xenopus tadpole tail, in which tadpoles were constructed by embryonic grafts to have a part of one specific tissue type genetically labelled. The results showed that regeneration following amputation occurred in all cases from the cell populations already present in the tail (specifically spinal cord, notochord, muscle satellite cells and melanophores) [20, 63, 64] .
Similar methods, along with some grafts of pure tissue explants, were used to study the regenerating limb of the axolotl [21] (Fig.3) . Here it was found that epidermis, muscle, connective tissue and nerve all regenerated from the corresponding cell types in the stump.
There is however some de-differentiation in this case, as the connective tissues (fibroblasts, tendons, cartilage, ligaments) are capable of interconversion, as had been shown previously using triploid marked grafts of single tissue types [65] .
Even in the mouse digit tip, where a limited degree of regeneration is found in adult life, a heroic series of Cre-lox procedures showed that the regenerated digit tip contained tissues derived from the respective precursors in the stump without metaplasia [66, 67] .
Epidermis and its derivatives were labelled using K14-CreER. Connective tissues were labelled with Prx1-Cre. Bone and cartilage within the mesoderm were labelled with Sox9-Cre (this also labels epidermis). Tendons were labelled with Scleraxis-Cre. Vessel endothelia were labelled with Tie2-Cre (this also labels blood cells) and VE-cadherin-CreER. The reporter mouse strain used was mTmG, which switches from DsRed to GFP expression when recombination is catalyzed by Cre. Where CreER strains were used, they were activated by tamoxifen before amputation. In addition, the contribution of haematopoietic cells to the regenerate was investigated using two methods. First, haematopoietic stem cells were purified by FACS from a CFP-expressing donor and grafted into conditioned hosts before amputation. Secondly, the experimental mice were parabiosed with GFP-labelled partners before amputation. In neither case was there any contribution of labelled cells to the tissues of the regenerate other than blood cells.
Comparable results have also been obtained on other models. Two studies of the regeneration of the zebrafish caudal fin, one using transposon labels of different tissue types, and the other Cre-lox labelling, both showed a lack of metaplasia in the regenerate [68, 69] . In the amphipod crustacean Parhyale hawaiensis, specific cell lineages were labelled using a transposon injected into individual embryonic blastomeres populating ectoderm, mesoderm, endoderm or the germ line. Embryos with appropriate labelling patterns were grown up and subjected to appendage amputation. The regenerated appendages showed a complete germ line restriction of labeled cells indicating that the epidermis and muscles came from separate lineages [70] .
So a wide range of recent studies using various labelling techniques on several vertebrate and one invertebrate model have all shown a very modest level of metaplasia or none at all. This suggests that the degree of de-differentiation deployed in regeneration is the minimum required to provide cells for the regenerate. It indicates that a high dedifferentiation ability, such as complete reversion to pluripotency, has not been retained in evolution.
Differences between related taxa
One particular recent set of investigations of cell lineage in regeneration concerns the origin of new multinucleated muscle fibres. In mammals multinucleate muscle fibres are completely post-mitotic, not only not de-differentiating, but not even undergoing DNA replication. New muscle fibres in mammals can arise from muscle satellite cells which are specialised muscle stem cells that reside beneath the basement membrane of the muscle fibres and are responsible for fibre regeneration following muscle damage [71] . In regeneration of the urodele limb it was long believed that muscle fibres de-differentiated into proliferating mononuclear cells. Originally the evidence for this was based on electron microscope studies [72] . In the 1990s, the lab of Brockes carried out some lineage label experiments in axolotls and newts using retroviral labelling of implanted muscle fibres followed by amputation [73, 74] . This indicated the reality of de-differentiation and some formation of muscle in the regenerate by the labelled cells. But later it was found for the axolotl limb, and also the Xenopus tadpole tail, that the muscle of the regenerated limb was entirely derived from satellite cells and not from de-differentiation [63, 75] . In the amphipod Parhyale hawaiensis the identification of PAX3/7 positive cells in the muscle, capable of generating muscle on regeneration, also suggested a close similarity to the axolotl [70] .
Recently this discordance of results has been investigated more thoroughly using Cre-lox labelling and it turns out that, in the axolotl (Ambystoma mexicanum), muscle regeneration indeed occurs from satellite cells, while in the newt (Notophthalamus Can we deduce anything about the main question of this article from the muscle example? We have apparently a sharp difference of regeneration mechanism in two similar looking animals. One uses a normal method of muscle regeneration while the other uses a novel mechanism not found in normal development. This does suggest that in the case of the newt Notophthalamus, there has been evolution of a novel mechanism, even though Notophthalamus also has muscle satellite cells. If we did not know about Notophthalamus, from our knowledge of mammals, the axolotl and Parhyale we might easily have concluded that all muscle in all animals regenerates from satellite cells. Although Notophthalamus and Ambystoma look fairly similar to us they have had plenty of time to diversify. The evolutionary divergence of the lines leading to the modern genera is estimated to have taken place about 100 million years ago [77] This is within the Cretaceous period, similar to the divergence time of armadillos and humans, and so does give plenty of time for diversification. We do not know what selective pressures drove the process but it could be that the capacity for limb regeneration arose independently in the two lineages, or was lost and reacquired with a different mechanism in the lineage leading to Notophthalamus.
The case of the spiny mouse
Most knowledge of mammalian regeneration, or non-regeneration, comes from those very well-known laboratory rodents: the rat and the mouse. We are here considering tissue regeneration, rather than the regeneration of new pattern, according to the classification of Bely and Nyberg [6] , although it fits within the current section as a probable example of adaptation.
In rats and mice, wounds in the skin are repaired by growth of the epidermis but this is underlain by a collagen-rich scar and fails to regenerate epidermal appendages such as hair follicles. There is a little more regeneration normally found in the rabbit, which can regenerate ear punch holes, an ability lacking in most strains of mouse. Recently a study on two species of Acomys, the African spiny mouse, have shown a significantly greater regenerative ability than in the laboratory mouse [78, 79] . Large wounds in the skin are rapidly healed, partly by contraction and partly by rapid epidermal growth. There is little scar formation in the dermis. Few collagen I-secreting myofibroblasts are formed, and the extracellular matrix reformed in the wound area is soft, with a high content of tenascin and fibronectin and collagen III in place of collagen I. Most interesting, unlike in normal mice, the hair follicles and other epidermal appendages are present in the new skin. Ear punch holes can also close rapidly, with regeneration of cartilage, dermis, adipose tissue and epidermis with hair follicles.
The skin of the spiny mice is very fragile: tensile strength measurements showed that it is 20 times weaker than normal mouse skin. Because of this, the skin is easily detached by modest insults. It has been suggested that Acomys has evolved the ability to shed skin to enable escape from predators, and the rapid regeneration is an aspect of this adaptation. If this is correct then this particular regenerative ability would support the evolutionary novelty viewpoint. Acomys also illustrates a general tendency for regeneration and scarring to be mutually exclusive [80] . It has long been known that the skin of amphibians and of foetal mammals heals without scarring [81] . This is associated with a much lower level of inflammation than is found in wounds in adult mice or humans. In scar-free healing macrophages are absent and there is a much lower level of proinflammatory cytokines, although at least some types of macrophage are apparently needed for urodele limb regeneration [82] . It is generally supposed that both the inflammatory response and the scar formation in mammals are adaptations to avoid infection and to close wounds rapidly, even if full functionality is not restored. The adaptation for skin shedding and rapid regeneration shown by Acomys evidently involves a reduction of inflammation, so perhaps it has also evolved other methods for avoiding infection.
Discussion
This article has only considered a few of the interesting results uncovered by regeneration research in recent years. These were selected in the hope that they might have something to say about the essential dichotomy presented in the title. It is always difficult to arrive at firm conclusions on evolutionary matters but these results do seem to point to a difference between whole body regeneration, which is probably ancestral although has been lost in most animal lineages, and the structural regeneration of appendages, where there currently is more evidence for de novo adaptation.
Whole body regeneration and pluripotency
The occurrence of whole body regeneration in acoels as well as in some taxa of more derived metazoa (platyhelminths, annelids, echinoderms, urochordates) suggests that this capacity is ancestral although it has been lost from most animal lineages. Because of the good correlation between whole body regeneration and the occurrence of asexual reproduction by fission, it seems likely that the selective force for persistence arises from the need to maintain asexual reproduction. This constraint would not exist for asexual reproduction by parthenogenesis, which is found in many animal groups that do not regenerate.
But it is not quite the same to say that whole body regeneration is ancestral and to say that it is an inherent quality of living matter. To be inherent, regenerative behaviour has not only to be ancestral but also to be retained in all lineages, even though it may be masked in some way, and it is doubtful whether this is the case.
Although evidence only really exists for the planarians and acoels, the control of polarity and patterning in whole body regeneration seems to rely on the graded distributions of Wnt and BMP. These factors are involved during development in setting up the body axes of animals across the Bilateria, and their persistence into adult life may be necessary for whole body regeneration. In planarians and acoels the "adult" worms retain embryonic properties in that the gradients are still active and cell renewal depends on continuous production of cells from a population of neoblasts including at least some pluripotent stem cells. But most groups of Bilateria do not show this persistent embryonic state, and it may be that in its absence, whole body regeneration is not possible. In terms of the selective costs of regeneration, it is possible that regenerative ability itself is dangerous because it can lead to uncontrolled growth. In mammals, the relative stability of states of cell differentiation, and the restriction of persistent cell division to small cell populations in adult animals are often viewed as defences against cancer. In particular we know that pluripotent stem cells are potentially dangerous. When pluripotent cells are grafted into adult mammals they do not integrate into the host tissues but instead give rise to tumors called teratomas [19] . Naturally occurring germ cell tumors are also believed to arise from pluripotent cells.
In conclusion, whole body regeneration may be ancestral but its maintenance in evolution is probably not compatible with the hierarchical nature of development, the absence of persistent pluripotent cells, or the absence of de-differentiation to pluripotency.
It would not therefore be correct to say that it was an inherent or essential attribute of animal life.
Structural and tissue regeneration
In the case of the urodeles there is now evidence for significant non-lethal predation of limbs and tails in the wild. While we do not know the true costs and benefits of limb or tail regeneration, this is at least consistent with distal regeneration in salamanders being an adaptation to predation which need not have been retained since the origin of limbs. In addition, at least one key molecular component responsible for proximal-distal patterning, Prod1, is unique to salamanders. The remarkable difference between types of salamander in the mechanism of muscle regeneration cannot be explained, but it does provide further evidence of evolutionary novelty in this area. Although limb regeneration reuses many of the molecular components responsible for limb development, there is another feature not found in development which has been known for a very long time, namely nerve dependence. Some of the underlying mechanism for this is now known [83] and nerve dependence does seem like the sort of additional control that would minimise the possibility of neoplastic growths arising from de-differentiation in situations other than a limb or tail amputation. The reuse of embryonic mechanisms may be tempered by the different scale of regeneration: a large salamander will have a limb maybe 1 cm across whereas the embryonic limb bud is patterned by gradients operating across about 100 m.
The rate of diffusion goes down with the square of the distance, and large limbs do regenerate very slowly, although other modifications to mechanism may be needed as well.
The remarkable skin shedding ability of the spiny mouse looks like a specific adaptation to predation. The improved regenerative ability, as compared to normal mice, is achieved at the cost of less inflammation and scarring. So presumably there are additional, as yet unknown, adaptations that make this mouse resistant to infection after suffering very large wounds to the skin.
Conclusion
The more we get to know about regeneration, the more it appears to represent a large range of somewhat disparate processes, and the less there appear to be any general principles governing all of them together. So it does help to consider separately each of the types of regeneration. The recent results surveyed in this article do not allow very firm conclusions to be drawn, but there is perhaps a suggestion that whole body regeneration is genuinely ancestral, although becomes irretrievably lost in animals which show a hierarchical, multistep, type of embryonic development. By contrast, the structural regeneration of appendages seems more likely to be an adaptive response to non-lethal predation, although it does tend to reuse many developmental mechanisms, which gives an appearance of ancestrality.
These tentative conclusions do not mean that it will not be possible one day to engineer replacement human organs using cellular reprogramming and tissue engineering techniques, which are currently advancing rapidly. But it does suggest that there will probably not be a simple elixir that can be sprinkled onto a human amputation stump to make it grow again. Cre-lox -A system derived from bacteriophage P1 which is widely used for making genetic modifications in animals. Cre is a recombinase enzyme which cuts DNA at specific sites called loxP sites. In the context of this article, the Cre-lox system is used to label cells [21] .
